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A layer of a metal–organic framework (SURMOF) was prepared
on a thiol monolayer on Au. Charge transport across the
insulating membrane could be established by using ferrocene as
an immobilised redox mediator. Reversibility of the immobilisation
and its role in the electrode kinetics are discussed.
The prospect of functionalizing surfaces by deposition of a
highly ordered porous material and loading of its open voids
with functional molecules is a very attractive method to produce
coatings with adjustable properties.1
The most ﬂexible type of frameworks available today are
metal–organic frameworks, MOFs, with more than 1000
diﬀerent types having already been published.2–5 Recently,
several protocols have been demonstrated to yield well deﬁned,
homogenous coatings with well-deﬁned thicknesses.6 Such porous
coatings are of interest for gas separation, for chromatography,7
and also for electrical and electronic applications, including
solar cells, organic electronic devices and electrochemical
sensors.8,9 In this context, it is of pronounced interest to explore
the charge transport characteristics and redox properties of
MOFs. Dithiolene-basedMOFs, e.g., showed p-type conduction
and could be reversibly oxidised.10,11
Proton-conduction was reported for MOFs consisting of
carboxylate or sulfonate groups in the framework.12–14 A clear
inﬂuence of molecules embedded in the pores of the MOF was
found.12,13 Surface photovoltage spectroscopy (PVS) at a
MOF based on a manganese phosphonate demonstrated
p-type conductivity.15 With regard to the rather promising
properties established for bulk MOFs, an ability to tune the
electrical properties of SURMOFs would close a fundamental
gap of knowledge and open the door to attractive applications
as electrodes.
We have therefore carried out an investigation of the
electro-chemical properties of highly ordered, crystalline
HKUST-1 ﬁlms deposited on modiﬁed gold substrates using
liquid phase epitaxy (LPE).16 Cyclic voltammetry was used to
characterise the charge transport properties of this SURMOF
by employing a diluted ionic liquid (IL) as an inert electrolyte
and ferrocene (Fc), which can be loaded into the SURMOF
from the gas phase,17 as a suitable inner-sphere redox system.18,19
A self-assembled monolayer (SAM) of mercaptohexadecanoic
acid (MHDA)20 was prepared on polycrystalline Au evaporated
on Si. The HKUST-1 SURMOF was grown on top of this
SAM by immersion in a solution of Cu(CH3COO)22H2O and
subsequently in a solution of benzenetricarboxylic acid (H3btc).
The cycles were repeated to obtain a 40 layer HKUST-1
SURMOF with a thickness of 52 nm (1.3 nm per layer21). All
HKUST-1 SURMOFs were characterised by X-ray diﬀraction
(XRD) in a y–2y-geometry using Cu Ka radiation to prove the
structure16 before all subsequent measurements were carried out
(ESIw, Fig. S1). The samples were placed in a petri dish and
heated to 45 1C, 60 1C or 100 1C in air for 20 minutes to
evaporate excess solvent and were then exposed to a vapour of
ferrocene (Fc) to load Fc into the HKUST-1. Based on earlier
experiments, about 1 Fc per pore can be estimated.17 Cyclic
voltammograms (CVs) were measured in contact to 10 mM
Fc in 1-butyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)-
imide [BMIM] [NTf2] at a scan rate of 20 mV s
1 using standard
electrochemical equipment in a N2 glove box. For the removal of
Fc, samples treated at 60 1C (see above) were immersed in ethanol
for 48 hours. To reload Fc, the loading procedure described
above was repeated after heating to 60 1C for 20 minutes. Details
of sample preparation and characterisation are described in ESI.w
In Fig. 1 we display cyclic voltammograms recorded for a
modiﬁed gold substrate coated with an MHDA-SAM as well
as for an HKUST-1 SURMOF directly after synthesis. The
results recorded for the modiﬁed Au substrate were almost
identical to experiments on pure Au. The results are in accord
with previously published electrochemical data using water-
based electrolytes for SAMs deposited on a Au surface.22 These
results demonstrate the presence of a facile electron transfer
from the electrode to Fc+ (reduction, cathodic, negative
currents) and vice versa from Fc to the Au-electrode through
the MHDA-SAM (oxidation, anodic, positive currents). It is
remarkable that the peaks are separated by only 100 mV which
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is close to the 59 mV expected for a diﬀusion-limited Nernstian
reaction.23 The CVs shown in Fig. 1 reveal that, in contrast,
the SURMOF deposited on top of the MHDA-SAM
(HKUST-1_untreated) rather eﬀectively blocks the charge
ﬂow through the ﬁlm. This blocking behaviour is in line with
the rather large band gap of the HKUST-1 MOF (the HOMO–
LUMO gap of the btc-unit amounts to B2.5 eV). If both IL
and Fc could diﬀuse into the pores of the SURMOF equally
well, at least some current would be expected. Since the ionic
liquid molecules are fairly small and, therefore, can penetrate
the MOF quite well,24 the blocking behaviour strongly suggests
that diﬀusion of ferrocene inside the SURMOF is too slow.
In the next step of experiments we have thus investigated the
eﬀect of Fc loaded in the pores of the MOF-lattice. Since it is
known that after synthesis the pores inside metal–organic
frameworks are frequently occupied by solvent molecules we
have activated the SURMOF by placing it in a petri dish and
heating it to 60 1C for 20 min.
Subsequent to Fc treatment of the activated SURMOF the
XRD signals clearly showed a change of the relative intensities
in the y–2y scans. Such a change in the form factor clearly
shows that Fc, which contains an Fe-atom being a strong
X-ray scatterer, has been included into virtually all pores of
the HKUST-1 SURMOF (ESIw, Fig. S1).
After exposing the activated SURMOF to Fc vapour at RT,
the CVs showed a pronounced diﬀerence to those recorded for
the empty SURMOF, see Fig. 1 (HKUST-1_60 1C). Instead
of the blocking seen for the untreated SURMOF, substantial
currents exceeding 100 mA cm2 were seen for the Fc-loaded
SURMOF. Heating an MHDA SAM to 60 1C and exposure
to Fc vapour in a control experiment showed no change in the
CV compared to the bare SAM (Fig. 1, MHDA SAM_60 1C).
Therefore the change in the CVs for the Fc loaded SURMOFs
cannot be due to a surface layer of Fc. The increased current
density in the reduction as well as the oxidation at the Fc
loaded SURMOFs (HKUST-1_60 1C) could already be seen
for the sample heated to 45 1C (ESIw, Fig. S2, HKUST-1_45 1C)
but to a signiﬁcantly increased degree for the sample heated to
60 1C (HKUST-1_60 1C).
Although the current densities reached at the positive and
negative ends of the scan (HKUST-1_60 1C) were similar to
the current densities observed for the bare MHDA-SAM
(MHDA SAM_untreated), the CVs exhibited several signiﬁcant
qualitative diﬀerences. Instead of the diﬀusion-limited Nernstian
behaviour seen for the uncoated SAM, several features were
observed which are typical for an electrochemical current limited
by electrode kinetics or charge transport phenomena within the
electrode rather than by reactant diﬀusion. The anodic current
slowly increased for positive potential sweeps as opposed to the
steep increase observed for the bareMHDA-SAM. The cathodic
currents were found to be considerably smaller than the anodic
currents. No characteristic features, typical for diﬀusion-limited
reactions, caused by the depletion of reactant concentration at
the electrode surface, were observed in the experimental data.
Because of this missing depletion of Fc in the solution caused
by slower electrode kinetics at HKUST-1_60 1C, slightly larger
currents were observed at the positive end of the scan for
HKUST-1_60 1C when compared to a bare MHDA-terminated
Au surface.
The linear current–voltage characteristics at current densities
smaller than those at the uncovered MHDA-SAM indicate
limitation of the overall current by charge transport through the
electrode, i.e. along the Fc moieties in the SURMOF pore system
which act as redox mediators. In these scans 1.8 mC cm2 had
passed in the anodic branch from 0.08 V to 0.27 V for the
bare SAM and 1.3 mC cm2 for the HKUST-1_60 1C.
These characteristics rule out that the electrochemical current
is brought about by the electrolyte reaching the SAM-covered
substrate through cracks or leaks but demonstrate that the
charge is transported through the Fc-loaded channels and pores
of the HKUST-1 SURMOF. From the slope of the plot
HKUST-1_60 1C we calculate a resistance of 31 MO. From
the known sample area, 0.07 cm2, and a ﬁlm thickness of 52 nm
we obtain a speciﬁc conductivity for the Fc-loaded SURMOF
electrode of 2  109 S cm1. This value is about 50 000 times
higher than that reported for solid Fc which has a conductivity
of about 1014 to 1013 S cm1.25 Such a strong increase of
the conductivity upon oxidation has also been observed for
crystals of molecular semiconductors like Pentacene26 or
Phthalocyanines.27,28 Since the mobility of charge carriers
typically is higher for highly ordered crystals, this increase is best
understood by an increase of the charge carrier concentration
consisting of oxidised Fc moieties (hole conduction). This
description is equivalent to propose that the Fc acts as an
immobilised redox mediator in the SURMOF. We propose
that the electron transfer through the ﬁlm proceeds by hopping
transport between adjacent embedded Fc molecules in the
SURMOF matrix, beginning with an oxidation reaction of
the Fc molecules in contact to the positive electrode23,29 and
then progressing along the Fc moieties in the SURMOF, ﬁnally
leading to oxidation of Fc in solution at the outer SURMOF
surface. The experimental ﬁndings and the proposed electro-
chemical mechanism are summarised in Fig. 2.
These Fc-induced changes of the SURMOF conductivity
were found to be reversible. Removing the Fc from the lattice
by immersing the substrates into ethanol for several hours
restored the signal seen to that before loading with Fc (Curve
Step 2 in Fig. 3). Just a small current density of diﬀusion-limited
Fig. 1 CV at 20 mV s1 for a MHDA-terminated Au surface in
contact with [BMIM] [NTf2] with 10 mM Fc in comparison to an
identical surface covered with the SURMOF HKUST-1 and such a
surface following conditioning by soft annealing and exposition to a
Fc atmosphere.
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characteristics indicated a minor contact of the redox electro-
lyte to MHDA-SAM or Au. Another cycle of heating to 60 1C
and exposure to Fc vapour re-established the redox-mediating
characteristics.
The diﬀerent limitation of the current by either Fc diﬀusion
in the electrolyte observed for the bare MHDA-SAM or charge
transport along the redox mediator Fc embedded in the
SURMOF acting as a series resistance to the electrochemical
charge transfer at the interface was conﬁrmed by the contrast-
ing scan rate dependence depicted in Fig. S3 and S4 (ESIw). A
typical increase of the current with the square root of the scan
rate characteristic for a diﬀusion-limited Nernstian reaction
was observed for the bare MHDA-SAM. In contrast, currents
widely independent of the scan rate typical for an Ohmic
resistor were observed for the Fc-loaded SURMOF.
Annealing of the SURMOF to even higher temperatures
of 100 1C before the loading of Fc led to a strong reduction
in current which is attributed to a partial collapse of the
HKUST-1/MHDA-SAM system (ESIw, Fig. S2). Since the
characteristic features of the I(V)-curves for the electrolyte in
direct contact with the SAM or the bare Au interface are still
lacking we conclude that also after the collapse the Au SAM
interface is still coated by a solid ﬁlm. Since the current did not
increase after the loading we conclude that the pores are not
accessible for the Fc molecules.
The charge transport properties of a metal–organic frame-
work, MOF, were investigated using electrochemical methods.
Whereas thin layers, SURMOFs, of HKUST-1 were observed to
be highly insulating, loading with Fc was found to lead to a large
increase in conductivity, exceeding that of solid Fc by several
orders of magnitude. These ﬁndings demonstrate that the charge
transport is enabled by the embedded Fc molecules acting as
redox-mediators. Our results prove a far reaching potential of
high quality thin MOF coatings (SURMOFs) on conducting
electrodes for electrochemical and electronic applications.
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Fig. 2 Schematics of the samples and charge-transfer reactions of the
MHDA-terminated Au (a), the HKUST-1 on MHDA-terminated Au
(b) and the HKUST-1 loaded with Fc (c).
Fig. 3 CVs under conditions as described in Fig. 1 for the HKUST-1
SURMOF on MHDA-terminated Au which was heat-treated at 60 1C
and loaded with Fc from the gas phase, following desorption of Fc
in ethanol solution and following repeated thermal treatment and
loading with Fc.
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